Since the capacity of the nodal membrane does not seem to play any significant role in the process of action potential production (13, p. 649), the significance of voltage-clamping in the nodal membrane is somewhat diRerent from that in the squid giant axon. Nevertheless, since membrane potential and the membrane current are the two main variables that serve to describe the state of the membrane, it is worth while to investigate the time course of the membrane current when the membrane potential is held constant at various new levels. In the present investigation the voltage-clamp technique was applied to the normal nodal membrane, and the nodal membrane during the refractory period, under low sodium and under partial narcosis.
METHODS
Single motor nerve fibers isolated from sciatic-semitendinosus preparations of the toad (Bufo marinus) were used. The method of dissecting and mounting the fiber on a bridge-insulator is essentially the same as that employed in a previous investigation (14).
The fiber was mounted, as shown in Fig. 1 , across three pools separated by two air gaps. The middle pool of the bridge-insulator, in which the node to be studied (N1) was immersed, was approximately 1.4 mm. wide in the middle and about 70 mm. long. The large lateral pool (where node No is) was roughly 5 X5 cm. in size and had a circular edge facing the middle pool. The air-gap between the large and the middle pool was generally 0. 
Designing
and constructing the high input impedance preamplifier (A1 in Fig. 1 Fig. 6 ; this preamplifier had less grid current than the other. The problem in the construction of these preamplifiers was that there was in the A.C. output of these preamplifiers an appreciable phase shift when the input was driven by a source of A. C. through a resistance of 40-50 megohms. This phase shift was reduced by proper shielding of the grid lead. The preamplifier was constructed in such a way that both D.C. and A.C. potentials of the driven shield around the grid lead followed the potential of the input. The other preamplifier (A? in Fig. 1 Fig. 3 ). Since the potential variation at N1 is of the order of 0.1 V., the potential of the electrode in the lateral pool can serve as a relatively faithful measure of the membrane current at N1. All the experiments were carried out in a special refrigerated chamber, the temperature of which was maintained at 14-15°C.
RESULTS
Voltage-current relationship of a normal node. In Fig. 3 is presented a typical example of records taken from approximately 20 single node preparations. In most of the preparations the action potential of the node reached a magnitude of 90-110 mV. when the external shunting resistance (between N1 and Nz in Fig. 1 ) was carefully raised by washing the myelinated portion of the fiber in the air gap with an isotonic glucose solution.
When the clamping voltage was negative, i.e., when the nodal membrane was hyperpolarized along a rectangular time course, the membrane current observed was nearly rectangular (record A in Fig. 3 gradual decrease and, when the new potential level was maintained long enough, the direction of the membrane current reversed. The maximum intensity of the inward membrane current decreased with increasing clamping voltage. When the size of the clamping pulse was close to the amplitude of the action potential (records G, H), the current intensity at the peak of the inward surge was close to zero. With a further increase in the level of the clamping voltage, the current at the peak remained above the zero line;
namely, the membrane current was outward-directed during the entire period of voltage clamp.
The relationship between the peak value of the membrane current and the level of the clamping voltage (determined on a different preparation) is shown in Fig. 4 . For negative values of clamping voltage V, i.e., for hyperpolarizing rectangular pulses, the level of the early part of the steady inward current was plotted against the size of the voltage pulse. The slope of the straight line representing the I-V relationship in this range can be regarded as the measure of the membrane resistance of the resting node. The mem- Fig. 8, left) . Since, however, voltage-clamping with such strong voltage pulses was found to bring about a depression in the spike-amplitude for a period of about 1 minute or more, no systematic attempt was made to explore the divergence of the results from linearity.
The linearity just mentioned between V and I in the range of V above 40 mV. indicates that both the membrane resistance and the "membrane e.m.f." reach the same, constant value soon after the onset of these depolarizing pulses. In other words, the node emerges into a fully excited state following the onset of these pulse& 1 In the present series of experiments, it was found that the slope of the I l R-V relation in the excited state ("II" in Fig. 4 ) was 7-11 times as large as that in the resting state. The ratio between the two slopes represents, to a rough approximation, the ratio of the membrane conductance in the excited state to that in the resting state. When one takes the whole (ohmic) network connected to the source (I R) and the variability of the membrane resistance of N1 into consideration, it is found that the ratio between the membrane conductances should be slightly (510%) greater than the ratio of the slopes mentioned above. The result that the conductance of the nodal membrane is approximately 10 times as large as that of the resting membrane is consistent with the results obtained previously by the pulse method of measuring the membrane resistance (16). Following the peak of the inward surge of the membrane current, the current was found to decrease first rapidly and then more slowly (records D, E, F in Fig. 3 ). This behavior of the membrane is understandable when one recalls that the "membrane e.m.f." varies in parallel with the resistance during activity (11, 16). Let E,,(t) denote the 'ee.m.f." of the active membrane and RI1 (t) its resistance. Then, the membrane current, I (t), under the voltage-clamp conditions will be given by
where V denotes the size of the clamping voltage. When Rrl(t) varies roughly with , the change in I (t) should be more rapid than the nearly linear decay time ) in EI1(t). In the present argument, I(t) is nothing more than a kind of action current observed when V is held constant. There is a small complicating factor in this simple argument. That is the fact that a strong inward membrane current applied to the node during activity tends to prolong the time course of En(t) (cf. In the present investigation, the 1. R-V relation at this stage could be approximated in the range of V greater than about 40 mV. by a straight line passing through the point defined by I =0 and V+25 mV. with a slope two to three times as steep as that for the resting state. Since the phenomenon of delayed rectification has been investigated previously by using linearly and exponentially rising current pulses (12), no detailed an .alysis was made on this phenomenon. variations. Examples of such oscillation of the membrane current from three different nodes are presented in Fig. 5 . There were also some preparations in which such oscillatory behavior of the membrane current could not be demonstrated.
The time course of the oscillatory membrane current was not sinusoidal; it was more-or-less rectangular and its amplitude gradually decayed with time. The frequency of such oscillation was between 1.5 and 3 kc./sec. at 14"C., at which temperature the duration of the action potential was approximately 3 msec.; it varied from preparation to preparation and from time to time in one preparation.
The mode of oscillation was verv sensitive to the level of the clamping voltage. The envelope of the oscillatory membrane current was always below the base line of the current trace and generally above the course of the non-oscillatory membrane current for a pulse of about 40 mV. (record D in Fig. 3) .
At first sight the rapid variation of the membrane current under voltage clamp appeared to be an artefact. The oscillation in the positive feed-back amplifier (i), the thermal noise arising from the high input resistance amplified by the high-gain differential amplifier (ii) and the slight imperfection of the voltage clamp due to the high resistance between No and N1 in the feed-back circuit (iii) were considered as possible causes of artefacts. However, based on the following arguments, we came to the conclusion that this is a physiologically significant phenomenon.
(i) Fig. 9 ) has revealed that the change in the "membrane e.m.f." during activity is far slower than the change in the membrane current in the present experiment. Therefore, we interpret this oscillatory change in the membrane current as due to the rapid change in the percentage of the "active" area of the membrane. In a previous paper (17) the concept has been introduced that in threshold excitation only a small portion of the/membrane is activated. The present interpretation of the voltage-clamp oscillation of the membrane current is to ascribe it to a rapid change in the active fraction, U, of the membrane under these particular experimental conditions. It has been pointed out (3, 15) that the iron or cobalt wire model of the nerve membrane can exhibit almost all the known electrical properties of the excitable membrane.
It is interesting to note that a high-frequency oscillation of the current under the voltage-clamp conditions has already been observed by Franck and Meunier (4). The interpretation of the oscillatory current in the nodal membrane described above is analogous to that proposed by the electrochemists for the corresponding phenomenon in the model. Both in the model and in the actual nerve membrane, the voltageclamp oscillation of the membrane current is labile and progresses far more rapidly than the ordinary repetitive firing of action potentials. (18, 13) . In the present investigation, an attempt was made to compare the current-voltage relation of a refractory or weakly narcotized node with that of a node immersed in Ringer with a low-Na concentration.
In Fig. 6 is presented an example of the experiments designed to show the similarity between subnormal action potentials of a refractory node and those of a node in a low-Na Ringer. These records were obtained with the experimental set-up of Fig. 1 in which switch S was kept at position 1 and two independent sources of short rectangular pulses were used to drive the electrode in the large lateral pool. As in the preceding experiments, both node No and N2 were inexcitable.
The middle pool was filled first with normal Ringer and then with a Ringer in which the Na concentration was reduced to 20% of the normal value by repl.acing Na with choline. These subnormal action potentials have a shorter duration than the action potential of a normal node. Neither the relative refractoriness nor a treatment of the node with a low-Na Ringer changed the resting potential of the node by any measurable amount. The effect of lowering the Na concentration of the medium was almost perfectly reversible. Figure 7 shows the voltage-clamp behavior of a node in low-Na Ringer (solid lines) compared with that of a node in a normal Ringer (broken lines). As in the similar observation on the squid axon by Hodgkin and Huxley (5), a reduction in the Na-concentration of the medium strongly modified the amplitude of the inward surge of the membrane current without affecting the later, steady portion of the membrane current appreciably.
The upper tracings in Fig. 7 , left, show that the steady level was also affected to some extent by substitution of Na with choline; Hodgkin and Huxley (5) reported a similar observation in the squid axon. In Fig. 7 , right, the membrane current at the peak of the inward surge was plotted against the size of the rectangular clamping voltage. It is seen that the slope of the I-V straight line for the excited state was strongly affected by reduction of Na in the medium. This finding is consistent with the observation by Grundfest et al. (9), demonstrating that the impedance loss during activity is less in an axon in a low-Na medium than in a normal axon. In a Na/5 Ringer the membrane conductance at the peak of activity determined from the slope of the I-V straight line was 40-50 per cent of the conductance of a normal node. A reduction in Na in the medium was found to decrease also the steepness of the intermediate portion of the I-V relation (shown by the broken line in Fig. 4) . When the external Na concentration was reduced below about onetenth of the normal value, the whole I-V curve remained above the abscissa (I=O) for V>O.
The effect of the refractoriness and that of weak narcosis upon the I-V relation of a node was essentially the same as that of lowering the external Na concentration.
When the spike amplitude was decreased during the relatively refractory period or by a dilute urethane-Ringer solution, there was always a distinct reduction in the membrane conductance at the peak of activity. For a given decrease in the spike amplitude, the membrane con- of the action potential of a refractory node is similar to that of a node in low-Na Ringer (Fig. 6 ). Under the conditions of the present experiments, the action potential of a weakly narcotized node was slightly shorter in duration than the action potential of the same amplitude produced by a node treated with low-Na Ringer. This is not surprising, since the spike duration is known to be extremely sensitive to various physiological and biochemical conditions of the fiber (10, 12). The time course of the inward surge of the membrane current under the voltage-clamp conditions was slightly shorter in the narcotized node than in the node in low-Na Ringer. Nevertheless, the membrane conductance at the peak of activity was found to behave in essentially the same manner in a weakly narcotized node as in the node treated with low sodium (Fig. 8, right) .
DISCUSSION
Some of the implications of the experimental results reported in the present paper have already been discussed under Results. The finding that the effects of refractoriness, weak narcosis and low Na are very similar suggests that these three agents exert their effects upon the same mechanism in the process of action potential production. It has been postulated that the gradual fall in the "membrane e.m.f." during activity is due to some chemical product generated in the membra .ne (14 ). Itisnot di .fficult ' to understand the similari ty between the effects of these three agen .ts from thi .s point of view. In the sodium theory (6), the peak potential of the response is determined primari1.y by the concentration of Na in the medium. Although the present observation on the effect of low Na agrees well with the observation by the British investigators, it seems to us very difficult to reconcile our results on the refractoriness and on narcosis with their theory. The oscillation of the membrane current under the voltage-clamp conditions seems to present further difficulty to the sodium theory. The mathematical term called the "sodium inactivation" evidently varies too slowly to account for the oscillatory membrane current. According to this theory, the oscillatory behavior has to be attributed to the imperfection of our voltage clamp. Admitting such imperfection, it still seems hard to us to explain the time courses of these rapidly changing membrane currents in terms of this theory. Our interpretation based on the two-stable state hypothesis has been presented under Results. We attribute this phenomenon to the variation in the active area, or in the number of active patches, of the membrane.
The concept of active patches has been postulated also by de1 Castillo and Suckling (1) to explain their observation on the subthreshold response.
Another observation deserves further discussion-that is about the intensity of the membrane current under the voltage clamp conditions. In the examples shown in Figs. 3, 4 and 5, it is seen that, when the membrane potential, V, is maintained at a level of about 30 mV., a strong current flows
